Polychlorinated biphenyls (PCBs) are representative persistent organic pollutants and suspected to be endocrine disrupters. Although PCBs have been removed from production and use in Japan since the early 1970s, they still remain in the environment. One of the major environmental sinks for PCBs is the sediment matrix, and thus the accurate quantification of trace PCBs in this matrix is important for evaluating their risk.
Introduction
Polychlorinated biphenyls (PCBs) are representative persistent organic pollutants and suspected to be endocrine disrupters. Although PCBs have been removed from production and use in Japan since the early 1970s, they still remain in the environment. One of the major environmental sinks for PCBs is the sediment matrix, and thus the accurate quantification of trace PCBs in this matrix is important for evaluating their risk.
In general, the quantification of PCBs in the sediment includes three analytical processes: the extraction of PCBs from the sediment, cleanup of the extracts, and analysis by gas chromatography (GC) with either mass spectrometry (MS) or electron-capture detection. The classical extraction methods, such as Soxhlet extraction 1,2 and saponification, followed by solvent extraction, 3 are usually applied as extraction techniques, but these methods are time-consuming and require a large amount of organic solvents. Supercritical fluid extraction (SFE) can possibly overcome these disadvantages. 4 A number of articles have appeared on the SFE of PCBs from sediments. Compared with Soxhlet extraction, SFE can provide a comparable or higher extraction efficiency. [5] [6] [7] [8] [9] However, the recovery yields of PCBs by SFE were significantly affected by various operating parameters, including the extraction temperature, [6] [7] [8] [9] [10] [11] [12] [13] extraction pressure 8, 9, [12] [13] [14] and modifier addition. 8, 9, [14] [15] [16] [17] Therefore, optimization of the SFE conditions is very important for the accurate quantification of PCBs in sediments.
Isotope dilution mass spectrometry (IDMS) has potential to be operated as a primary method of measurement. 18 Accurate quantification of PCBs may be expected when the IDMS technique is applied with GC-MS. However, equilibration between isotope-labeled compounds added as internal standards and native analytes in the sample is a prerequisite in the IDMS technique. The results from ID-GC-MS would show an incorrectly low amount of PCBs if equilibration is not achieved, as would occur if the quantitative extraction of analytes from a solid matrix is not achieved. 19 Therefore, highly efficient extraction is required for the accurate quantification of PCBs in sediments, even if isotope-labeled PCB congeners are used as internal standards.
The National Metrology Institute of Japan (NMIJ) has developed two kinds of marine sediment certified reference materials (CRMs) to be used for the validation of PCB quantification. [20] [21] [22] In the certification process, five kinds of independent extraction methods were applied for IDMS quantification to avoid any possible procedural bias. For that purpose, we developed four accurate extraction methods for PCBs in sediments in advance. We developed pressurized liquid extraction 23, 24 and microwave-assisted extraction 25 as extraction techniques for the IDMS quantification. A method of saponification, followed by solvent extraction, was also optimized to give higher recovery yields of PCB congeners. 26 SFE is another extraction technique we have developed and applied to the certification of the CRMs. The present paper describes the evaluation of SFE as an extraction technique for the IDMS quantification of PCBs in a marine sediment sample. Having investigated the extraction behavior of PCB congeners, we succeeded to optimize the SFE operation parameters for IDMS quantification, which provided comparable or higher analytical results compared with those obtained from Soxhlet extraction.
Experimental

Reagents and materials
Seven PCB congeners (4,4′-dichlorobiphenyl (CB15), 2,4,4′-trichlorobiphenyl (CB28), 2,3′,4′,5-tetrachlorobiphenyl (CB70), 2,2′,4,5,5′-pentachlorobiphenyl (CB101), 2,2′,3,4,4′,5,5′-heptachlorobiphenyl (CB180), 2,2′,3,3′,4,4′,5,5′-octachlorobiphenyl (CB194) and decachlorobiphenyl (CB209)) were chosen as target analytes. Isotope-labeled [
13 C12] standard solutions (50 μg mL -1 ) of each analyte were obtained from Wellington Laboratories (Guelph, Canada). A mixture (2,2,4-trimethylpentane solution) prepared from these solutions was used as a surrogate solution. High-purity reagents (>99%) of native PCB congeners, supplied by Cambridge Isotope Laboratories (Andover, MA, USA), were dissolved into 2,2,4-trimethylpentane individually and then mixed. The calibration solutions for the GC-MS analysis were prepared by mixing the native PCBs solution with the above-mentioned isotope-labeled PCBs solutions in hexane.
Standard-grade carbon dioxide was used as an extraction medium in SFE. Activated copper (0.17 -0.25 mm) was of elemental-analysis grade, and was purchased from Kishida Chemical (Osaka, Japan). Reagent-grade 2,2,4-trimethylpentane and other pesticide-grade reagents used came from Kanto Chemical (Tokyo, Japan).
The sediment sample used as a model sample was collected from a bay in Japan, which is located near industries, and was prepared by a series of air-drying, pulverization, sieving (<106 μm), homogenizing, packaging into glass bottles (60 g each), and sterilizing by γ-ray irradiation of 60 Co.
Supercritical fluid extraction
The sediment sample (1.2 g) was packed into a high-pressure extraction vessel (Supelco, Bellefonte, PA, USA; volume, 10 mL) together with activated copper (0.5 g) and anhydrous sodium sulfate (9 g, filled to capacity). The addition of activated copper to the sample has been shown to prevent interference by elemental sulfur in the sediment. 5 After mixing the contents carefully, the surrogate solution was added and then the sample was air-dried over 1 h. When a modifier was added, methanol or acetone was spiked into the extraction vessel just prior to extraction. The amount of the modifier was set to 0.4 mL so as to keep a constant flow of supercritical fluid.
The sample was extracted with supercritical carbon dioxide using a Supelco SFE-400 system. The flow rate of the fluid was controlled by a fused-silica capillary restrictor (180 mm × 30 μm i.d.), which was kept at 80˚C. The extract was collected in a trap column (50 mm × 4.6 mm i.d.), which was connected to the end of the restrictor. This column was prepared in our laboratory by packing Tosoh (Tokyo, Japan) TSKgel 80TM (particle size, 10 μm; pore diameter, 8 nm) into a stainless-steel empty column.
After extraction, the trap column was connected to a Shimadzu (Kyoto, Japan) LC-6A pump, and the extract was recovered with 10 mL of acetone in the backflash mode. The obtained solution was concentrated to approximately 0.2 mL by gentle nitrogen gas.
Soxhlet extraction and cleanup
A mixture of the sediment sample (2.5 g) and anhydrous sodium sulfate (10 g) was placed into a filter-paper thimble. Then, the surrogate solution was added to the sample. The sample was loaded on a Büchi (Flawil, Switzerland) B-811 extraction system, and extracted with 250 mL of n-hexane/acetone (1:1, v/v) for 12 h. The solution obtained was concentrated to approximately 20 mL using a rotary-evaporator.
The obtained extract was cleaned up by a method of Schantz et al. 27 with some modifications. 20, 22 An outline is as follows. The extract was treated with activated copper to remove elemental sulfur. After filtration and concentration, it was loaded onto a solid phase extraction (SPE) cartridge packed with silica gels (500 mg; International Sorbent Technology, Mid Glamorgan, England), and recovered with 15 mL of a hexane/dichloromethane (9:1, v/v) mixture. The solution was concentrated and then injected into a Jasco (Tokyo, Japan) Gulliver high-performance liquid chromatography (HPLC) system equipped with a YMC (Kyoto, Japan) YMC-Pack-NH2 column (10 mm × 150 mm i.d.). The hexane/dichloromethane mobile phase was supplied at 4 mL min -1 with gradient programming as follows: the composition of dichloromethane was initially 0% (v/v) for 0 -7.5 min, increased linearly at 0.4% min -1 for 22.5 min, and kept at 10% for 15 min. The fraction eluted in 3 -13 min was collected and concentrated to approximately 0.4 mL.
GC-MS analysis
Analyses of the PCBs congeners were performed using a Micromass (Manchester, UK) Autospec high-resolution mass spectrometry (HRMS) system equipped with an Agilent Technology (Palo Alto, CA, USA) 6890 GC system. An HT-8 capillary column (50 m × 0.22 mm i.d.; film thickness, 0.25 μm) purchased from SGE (Ringwood, Australia) was used as a separation column. The GC system was operated under the following conditions: oven temperature, 60˚C for 2 min, 30˚C min -1 to 170˚C, 3.5˚C min -1 to 300˚C (6 min); helium head pressure, 276 kPa; injection mode, splittless; injection temperature, 200˚C; injection amount, 1 μL. The MS ionization conditions were set as follows: ionization, electron ionization; electron energy, 35 -40 eV; ion source temperature, 250˚C. The MS data were obtained in a selected ion monitoring (SIM) mode under the following conditions: channel time, 80 ms; total cycle time, 400 -900 ms; resolution, >10000 (Lock mass, PFK 
Determination of moisture content in sediment
The analytical results were represented as a dry-mass base in this study. The moisture contents of the sediment samples were determined gravimetrically. The samples were dried at 105˚C for 6 h, and the moisture contents were then calculated by weighing before and after drying.
Results and Discussion
In this study, the effect of the extraction temperature, pressure, time and mode, and modifier addition on the IDMS quantification of PCBs in the sediment sample was investigated. All SFE extracts obtained were subjected to the GC-HRMS system without any cleanup process. Typical GC-HRMS chromatograms are shown in Fig. 1 . The peaks of PCB congeners on the chromatograms were assigned using literatures. 28, 29 No interference peak was observed for the IDMS quantification of the target PCB congeners.
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Effect of the extraction temperature and pressure
The properties of a supercritical fluid, such as the density, viscosity and diffusion coefficient, are affected by both the fluid temperature and the pressure, especially if the temperature and pressure are close to the critical point. Therefore, the extraction temperature and pressure are important operation parameters needed to control the recovery yield of the analytes in SFE. However, it is known that the effects of these parameters on the analytical values are not independent of each other in some cases. In this study, therefore, the effect of the extraction temperature and pressure on the IDMS quantification of PCBs in sediment was simultaneously investigated.
SFE extractions of the PCBs in a sediment sample were carried out under nine SFE conditions, which were set using a combination of three extraction temperatures (40, 90 and 140˚C) and three extraction pressures (10, 20 and 30 MPa). The extraction mode and time were set to dynamic for 30 min. The range evaluated for the temperature was set between a critical temperature for carbon dioxide (31.3˚C) and the upper bound temperature of the extraction vessel (150˚C). However, those for pressure were set to cover the general SFE conditions. Table 1 summarizes the observed analytical results. Two determinations were made for each condition. It seems that the analytical values for highly chlorinated biphenyls, such as CB 209, were not affected by the change in both the extraction temperature and the pressure. On the other hand, those of lightly chlorinated biphenyls depended on the extraction temperature and the pressure. In particular, the analytical value of CB15 doubled with a temperature change from 40 to 140˚C and a pressure change from 10 to 30 MPa. Such a significant dependence of temperature on CB15 was also seen in our previous study on microwave-assisted extraction. 25 It seemed that CB15 firmly bound the sediment particles. Also, the exchange between the isotope-labeled CB15 in the solution and native CB15 adsorbed on the particles might be very slow at low temperature. This phenomenon may be caused by the trapping of aged pollutants into the three-dimensional structure of clay minerals or humic substances. 30, 31 The effects of the extraction temperature and the pressure on the observed analytical values were evaluated by a two-way analysis of variance (ANOVA). As listed in Table 1 , both the temperature and the pressure were statistically significant for the target PCB congeners, except for CB194 and CB209. In addition, the interaction between the temperature and the pressure was also statistically significant among four PCB congeners. These results suggest that equilibrium between native PCB congeners and the corresponding isotope-labeled surrogates was not realized. Therefore, optimization of the extraction temperature and pressure was necessary for the accurate quantification of PCBs in sediments. In the case of four target PCB congeners, on the other hand, the effects of these extraction parameters were considered not to be additive, but interactive in nature to the SFE results.
Some investigations of SFE (including that for PCBs in sediment by Fernández et al.) 9 have reported that the effects of the extraction temperature and the pressure on the SFE results could be described using the following second-order polynomial: where R represents the SFE response (μg kg -1 ), T the temperature (˚C), and P the pressure (MPa). Using the data given in Table 1 , the relationships between the SFE results, extraction temperature and pressure were regressed. The results for CB15, CB28, CB70 and CB180, showing that the effect of the interaction between the extraction temperature and pressure on the observed analytical values was statistically significant, are given in Table 2 . The analytical values by SFE can be predicted using the obtained polynomials. As an example, a response surface for predicting the analytical values of CB28 is shown in Fig. 2 . The surface in the figure graphically shows the effect of the extraction temperature and pressure on the SFE efficiency. The polynomials listed in Table 2 suggest that the highest SFE results could be obtained when the extraction conditions were set to 140˚C and 30 MPa, or near them. Therefore, the following SFE experiments were performed at 140˚C and 30 MPa.
Effect of the extraction time, mode and modifier addition
The SFE extractions to which the extraction time was extended to 45 min were performed under the dynamic mode. The results are summarized in Table 3 . No significant difference was found for all target PCB congeners compared with those obtained from the extraction for 30 min (Table 1) , and thus an extension of the extraction was considered not to affect the SFE results.
The static extraction mode is another extraction mode that is generally applied in SFE for PCBs. In this study, SFE under the static mode was also performed in combination with the dynamic mode. The results of SFE under the static mode for 15 min, followed by the dynamic mode for 30 min, are also given in Table 3 . For most PCB congeners, the differences in the observed analytical values between the two extraction modes were not significant. However, the static-mode SFE provided higher analytical values for CB15. It seemed that equilibrium between native CB15 and 13 C12-CB15 was not achieved under the dynamic extraction SFE.
The addition of a modifier is another important operation parameter to control the recovery yield of analytes. There are two major techniques for adding a modifier: addition into the supplying fluid (in-line addition), and that onto the sample matrix prior to extraction (off-line addition). The latter technique does not require any additional pump to the SFE system, and is expected to be effective if the matrix-analyte interaction is strong. 16 In addition, as mentioned above, SFE under the static mode increased the analytical value of CB15. Thus, the effect of the modifier addition was investigated by means of the off-line addition technique. Two organic solvents were used in this study: methanol, which is generally used as a modifier to increase the fluid polarity, and acetone, which is one of the major contents used as extraction solvents for PCBs. However, no significant effect of the addition of these modifiers was observed, as shown in Table 3 . Note that 0.4 mL of 2,2,4-trimethylpentane was added to the sample in advance as a solvent for surrogates, and might act as a modifier; however, its effect was not evaluated in this study. The extracts by SFE were analyzed by HPLC under the normal-phase mode. The chromatographic conditions were the same as those for cleanup of the Soxhlet extract, which is described in the Experimental section. Under these conditions, PCB congeners were poorly retained onto the stationary phase, and eluted within 13 min. On the other hand, solutes having higher polarities than PCBs would be retained strongly. For example, the retention times of some of the organochlorine pesticides (including metabolite), which are another major group of organic pollutants, were as follows: 4,4′-DDT, 16.3 min; 4,4′-DDD, 25.6 min; γ-HCH, 27 min (approx., identified by analyzing the HPLC eluent); dieldrin, 29.7 min. Figure 3 shows chromatograms of the SFE extracts with the methanol modifier and without it. A chromatogram of the SFE extract with the acetone modifier was almost the same as that with the methanol modifier. The representing chromatograms show the same peak patterns, but the heights of the peaks eluted after 23 min were rather different: the smallest peaks were given by SFE without any modifier. Therefore, it seemed that SFE without any modifier provided the highest selectivity among the investigated conditions.
Comparison with Soxhlet extraction
Soxhlet extractions of PCBs in the sediment samples were carried out in order to compare with SFE. Figure 3(C) shows a typical chromatogram of the Soxhlet extract, followed by a SPE treatment, in which the heights of the peaks eluted after 23 min were significantly higher than those by SFE extracts. That is, the selectivity of PCBs in this method was poorer than that in SFE. Meanwhile, the observed analytical values by Soxhlet extraction were almost the same as those by SFE, as follows: CB15, 2.19 ± 0.06 μg kg -1 ; C28, 35.4 ± 1.1 μg kg -1 ; CB70, 61.5 ± 1.4 μg kg -1 ; CB101, 33.4 ± 1.4 μg kg -1 ; CB180, 9.67 ± 0.19 μg kg -1 ; CB194, 1.85 ± 0.05 μg kg -1 ; CB209, 1.15 ± 0.13 μg kg -1 (n = 3). Moreover, the repeatabilities of SFE (2.8 -12%) were almost comparable to those of Soxhlet extraction (2.0 -11%). In the case of CB15, a SFE gave a higher analytical value, and the difference was considered to be due to the process temperature. In principle, the IDMS method has the highest accuracy among the quantification methods that can be applied to the quantification of a matrix sample. However, equilibrium between the native sample and isotope-labeled surrogates is not realized, as it is in the extraction of CB15 at a lower temperature. In this case, application of the extraction method processed at a higher temperature is considered to be suitable for achieving isotope equilibrium.
Conclusions
The analytical values of the target PCB congeners in a sediment sample were affected by some operation parameters of SFE, even if IDMS was applied. Thus, the extraction behavior of SFE was studied, and the following conditions were found to be the optimal conditions: extraction temperature, 140˚C; pressure 30 MPa; time and mode, static for 15 min then dynamic for 30 min. Under these conditions, the addition of modifiers did not affect the analytical values of the PCB congeners. On the other hand, SFE with IDMS allowed high throughput analysis because it needed only 45 min for the extraction process, and did not require any cleanup process. These results lead to the conclusion that SFE under the optimized conditions is suitable for routine analyses of PCBs in sediments as well as for the accurate analysis that is applicable to the certification of sediment CRMs.
